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Scaling of saturated stimulated Raman scattering with temperature
and intensity in ignition scale plasmas
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~Received 18 December 2002; accepted 9 April 2003!

Measurements show the scaling of stimulated Raman scattering~SRS! with laser intensity and
plasma electron temperature under the conditions expected in ignition experiments. The scaling of
the scattered energy with each parameter follows a power law with a small exponent~of order 1!.
Comparison with simulations suggests SRS is nonlinearly saturated in these cases. Further
experiments with highZ dopants showed that the effect of electron-ion collisions on the measured
SRS is primarily due to the inverse bremsstrahlung absorption of the scattered light. ©2003
American Institute of Physics.@DOI: 10.1063/1.1580814#
y

lt
th
S
r

al
ut
pr
s
e

n
-
p

en
ca
tic
te
e
nc
ay

ve

in

h
n
o
u

e
nd
n
ve
ar
ll–

lec-
t
ian
ll–
re,

ity
e a
n-
e
on-
r,

ing
ns
ntial
be
RS

ced
ve-

at
ity
re

,

ng

r
a

he
ht

-
or-
the
us
I. INTRODUCTION

Reliable prediction of the stimulated Raman~SRS! and
Brillouin scattering~SBS! in plasmas expected in indirectl
driven inertial confinement ignition schemes1 is critical to its
success. The plasma and laser parameters make it difficu
remain below the linear thresholds of filamentation and
three wave resonant backscatter instabilities, SRS and
in present target designs.1 In fact, the SRS and SBS linea
gain exponents~.20!2,3 are large enough that nearly tot
reflection of the incident light would be predicted witho
accounting for the nonlinear response of the plasma. In
viously reported experiments conducted on the Nova la
facility with plasma and laser conditions similar to th
present study, SRS was found to increase with the fractio
low-Z ions in the plasma,4,5 most likely indicating a depen
dence on the damping rate of the acoustic wave in multis
cies plasma.6 Because linear SRS growth rates do not dep
on this acoustic wave damping rate but the Langmuir de
instability ~LDI ! threshold does increase with the acous
wave damping rate,7–9 this dependence has been interpre
as evidence that LDI limited the amplitude of the SRS-driv
Langmuir wave and thus SRS as well. More direct evide
of LDI has come from Thomson scatter from the LDI dec
products, both from the acoustic wave10 and the Langmuir
wave11 in exploding foil plasma and from the acoustic wa
in high temperature plasmas.12,13 Further experiments with
intersecting beams have shown the Langmuir waves
volved in SRS to be nonlinearly saturated.14

One difficulty with this interpretation is the rather hig
threshold for LDI in Nova plasmas where the electron La
dau damping of Langmuir waves and ion Landau damping
the acoustic waves is so strong that the calculated Langm
wave amplitude remains below the LDI threshold even wh
SRS is large. It has been suggested that the electron La
damping may be much lower than assumed because a
verse bremsstrahlung-heated velocity distribution can ha
super-Gaussian form15 which has many fewer electrons ne
the phase velocity of the Langmuir wave than a Maxwe
Boltzmann distribution with the same kinetic energy.4,16 Re-
2941070-664X/2003/10(7)/2948/8/$20.00
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cent measurements of Thomson scattering from thermal e
tron plasma fluctuations17 in a highZ plasma find spectra tha
are best modeled with a spatially uniform super-Gauss
shape for the subthermal electrons and a Maxwe
Boltzmann for the suprathermal electrons. Furthermo
Fokker–Plank calculations18 that include electron-electron
collisions show for Nova-like plasmas that the high veloc
electrons responsible for damping Langmuir waves hav
Maxwellian tail even if the low velocity electrons are no
Maxwellian. The two component distribution that fits th
data might also represent an average over a strongly n
Maxwellian distribution in localized hot spots of the lase
and a less distorted distribution in parts of the scatter
volume in which the intensity is lower. These consideratio
make it apparent that, even with the presence of a substa
population of nonthermal electrons, the damping may not
reduced as much as we will show is needed to model S
saturation with LDI only.

Another nonlinear plasma response to SRS-produ
Langmuir waves is trapping of electrons near the phase
locity which can alter the damping rate19 and the
frequency.20 Recent particle-in-cell simulations predict th
SRS will saturate by LDI for low temperature or high dens
(klde,0.15) and by particle trapping for high temperatu
or low density (klde.0.25).21 Herek is the wavenumber of
the Langmuir wave andlde is the electron Debye length. In
linear theory, the ratione /ve of the Landau damping rate
ne , to the frequency,ve , of a Langmuir wave is a function
of klde only. In nonlinear theory, the frequency and dampi
also depend on the ‘‘bounce’’ frequency,vb5kv tr

;(dnlw)1/2 where dnlw is the amplitude of the Langmui
wave. In Vu et al.21 the SRS saturation is attributed to
detuning or frequency shift of the Langmuir wave from t
frequency of the beat ponderomotive force of the lig
waves. Other simulations22 with a Vlasov code have ob
served a sideband instability which grows at rate prop
tional to the bounce frequency and drains power from
primary Langmuir wave that Raman scatters the light, th
saturating SRS.
8 © 2003 American Institute of Physics
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These particle trapping effects, which do not depend
the acoustic wave damping, do not explain the depende
of SRS on ion acoustic wave damping. Other effects co
be responsible. For example, such a dependence can
from the nonlinear competition between SRS and SBS
laser power.23 In fluid simulations,24 the reflectivity of one
instability is shown to be reduced by the presence of
other when total reflectivity level is as low as 1%–2%. An
correlation of SRS and SBS has been reported in a numb
experiments, including Nova experiments on gasbags25 simi-
lar to the ones reported here. In those Nova experiments
SRS was seen to increase with the gas-fill density whe
the SBS decreased. Other experiments on hohlraums
large SRS and very little SBS have reported on a weak S
scaling with electron density.26

With such a complex system with several~not com-
pletely satisfying! interpretations published, it is of grea
value to vary the external parameters believed to play
principal roles in determining the nonlinear state of SRS
test and inspire theoretical insight. In the past, the sca
with electron density and plasma composition has been
ported. Here, we report the scaling with laser intensity a
electron temperature. We emphasize that the scaling of
as a convective three wave instability with an exponen
dependence of the reflectivity on the gain exponent is
being tested in this experiment. Even at the lowest intens
used in these experiments, the linear gain exponent for S
is sufficient to account for greater reflectivity than observ
When the role of laser hotspots is included, it has be
shown that there is a critical~spot-averaged! intensity below
which there is insignificant backscatter and above which
plasma response is nonlinear.27,28Experiments that measure
the intensity dependence of SBS in weakly damped gas
plasmas29 and SRS in toroidal hohlraums26 have observed
this sudden onset. In Sec. II we will describe experime
studying the dependence of SRS on the beam intensity,
with the aid of simulations will interpret it in the context o
the many processes described earlier.

We will also describe experiments in which the depe
dence on SRS on electron temperature is studied. To aid
understanding of the temperature scaling measurement
also performed measurements when the atomic compos
of the plasma was varied. These latter experiments are
portant because they allow processes that depend on bot
ion charge ~Z! and the electron temperature~such as
electron-ion collisions! to be varied independently from pro
cesses that depend only on electron temperature~such as
electron Landau damping!. In particular, the light absorption
rate,nabs

0,r 5vpe
2 nei/2v0,r

2 where the electron-ion collision fre
quency, nei5(4A2p/3AmeTe

3)( jnjZj
2e4 ln(L), depends on

the electron density,ne , the electron temperature,Te , and
the charge stateZj and densitynj of each ion species. Hence
the laser light is strongly absorbed in the high-Z plasma but
weakly absorbed in the low-Z plasma. Here,me is the elec-
tron mass,e is the electron charge,nc is the critical density,
and ln~L! is the Coulomb logarithm. It is convenient to d
fine
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so that the electron-ion collision frequency is proportional
^Z2&/Z. In an attempt to separate the effects of the variat
of the light wave damping from the plasma wave damp
which both vary withTe , we added Xe to C5H12 plasma to
increase the collisional absorption. It is also clear that
SRS light is more strongly absorbed than the incident li
because its group velocity is slower and it is closer to
critical density. We will describe the scaling of SRS withZ
and compare it with the observed scaling with electron te
perature.

II. EXPERIMENTAL DESIGN

The experiments are performed primarily in low-Z CH
plasmas produced by pre-heated, gas filled, targets30,31 at the
Nova laser facility. The targets are nearly spherical, t
polyimide bags filled with a gas mixture consisting of tw
types of CH molecules (C5H12 and C3H8) at atmospheric
pressure. The target is shown schematically in Fig. 1. T
gas is also doped with Ar for x-ray spectroscopic temperat
measurements, and also with Xe in the case of collisio
damping scaling experiments. A pure C5H12 gas at;1 atm
pressure produces a plasma with an electron density th
11% of the critical density for the 351 nm laser beams, wh
a pure C3H8 gas at that pressure produces a plasma tha
7.1% of the critical density, and mixtures produce densit
in between. The target is pre-heated with nine unsmoot
defocused 351 nm heater beams, each delivering<2.5 kJ in
a 1 ns square pulse. The plasma present between 0.5 an
ns is hot and homogeneous, with an electron temperatur
;3.0 keV at maximum heater energy~determined by spec
troscopy measurements30! and a nearly 2 mm density platea
inside a radius of 900mm with rms density perturbation
~inferred from Thomson scatter32! of less than 5%. The tem
perature of the plasma is varied by adjusting the heater
ergy from 1.0 to 2.5 kJ per heater beam. The correspond
plasma temperature is measured by x-ray spectroscop
each heater energy and confirmed by Thomson scatte
from a 263 nm probe beam31 at the highest heater energ

FIG. 1. Schematic of gas filled target used to produce plasmas that ar
and homogeneous by illuminating with nine defocused beams as desc
in text. The target consists of an approximately spherical CH ballo
mounted in a washer with gas fill tubes.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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The measured temperature is found to be adjustable from
to 3.0 keV. A tenth interaction beam with a 1.0 ns squ
pulse is fired at 0.5 ns. The interaction beam is focuse
r 5900mm with either anf /8 or f /4.3 lens, and is condi
tioned with random phase plates~RPPs! designed with Airy
function intensity profiles. Two different RPPs are used
the f /8 configuration, one with a best focus FWHM~full
width half maximum! of 420 mm, which is used for intensi-
ties below31015W/cm2, and a second with a FWHM o
160 mm, which is used for lower intensity experiment
while a third RPP with a FWHM of 120mm is used in
experiments with thef /4.3 beam~all spot sizes are calcu
lated for ideal beams with vacuum propagation!. The back-
scattering is measured by a full aperture collection sys
~FABS! that is sensitive to light inside the laser cone and
imaging system that measures light with scattering ang

FIG. 2. The time resolved spectrum of the light scattered from a
31015 W/cm2 laser beam in a 10% critical density plasma. The wavelen
range corresponds to stimulated Raman scattering.
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between the edge of the beam cone~3.6° at f/8 and 6.6° at
f /4.3), and 18° away from the beam axis, where the flue
is found to be low. The time dependence~resolution;100
ps! and spectrum of the scattered light in the lens cone
measured by a streaked spectrometer. A time resolved s
tered spectrum in the range ofl5400–600 nm is shown in
Fig. 2. In Figs. 3–5, the reflected energy is binned into t
collected in the 0.5–1.0 ns ‘‘early’’ period, when the heat
plasma is most homogeneous, and the 1.0–1.5 ns ‘‘late’’
riod, after the heater beams have turned off and when si
lations indicate the plasma is cooling.

III. THE DEPENDENCE OF SCATTERING ON LASER
BEAM INTENSITY

The intensity of the interaction beam is varied from
31014 to 2.531015W/cm2 in experiments with both 7% and
10% critical density targets. The energy collected in t
range of the spectrometer at early and late time is used
the incident energy to determine the reflectivity due to SR
and is plotted in Figs. 3~a! and 3~b!. The reflectivity is seen
to be almost proportional to laser intensity between
31014 and 2.531015W/cm2. Further measurements o
scattered light in the range of 350–352 nm and attribu
to stimulated Brillouin scattering~SBS! are shown in
Figs. 3~c! and 3~d!. In the ‘‘early’’ period, SBS is small,
typically 3%–4% and independent of intensity as is the c
for CO2 gasfills29 where the acoustic wave damping is wea
LASNEX modeling shows the ion temperature, and thus
ion Landau damping, is lower in this period than in th
‘‘late’’ period when the SBS increases about linearly wi
laser intensity. The weak scaling of SRS with the interact
beam intensity is consistent with a Langmuir wave respo
to the ponderomotive force that is less than the predicti
based on a linear Langmuir wave response. Evidence tha
Langmuir wave response in this case is nonlinear has b
observed previously.14 To investigate further the dependen
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FIG. 3. Laser reflectivity from anf /8
beam due to SRS vs the peak vacuu
intensity of the random phase plat
smoothedf /8 beam is shown for the
case of 7.1% critical and 10% critica
density plasmas and the 0.5–1.0 n
time period~early!. ~b! Laser reflectiv-
ity from an f /8 beam due to SRS vs
the peak vacuum intensity of the ran
dom phase plate smoothedf /8 beam is
shown for the case of 7.1% critical an
10% critical density plasmas and th
1.0–1.5 ns time period~late!. ~c! Laser
reflectivity from an f /8 beam due to
SBS for the case of~a!. ~d! Laser re-
flectivity from and f /8 beam due to
SBS for the case of~b!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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on electron temperature we have performed experiment
which the temperature of the plasma is varied.

IV. TEMPERATURE DEPENDENCE OF SRS

The temperature scaling experiments are designed to
low the effects of the variation of the inverse bremsstrahlu
absorption rate of the incident~351 nm! and scattered~500–
600 nm! light to be accounted for, and the scaling of t
scattered light with electron temperature to be identifi
separately. To do this we use anf /4.3 interaction beam tha
has a region of best focus which is smaller in the axial
rection (Dz;516mm half width at half maximum! than the
inverse bremsstrahlung absorption length,L, of the incident
351 nm light propagating in our plasma conditions~L351

>1.4 mm atne51021cm23, Te>1.5 keV, CH plasma!. The
beam is then focused to an intensity of 431015W/cm2 near
the plasma edge (r 50.9 mm) in a plasma that is fairly uni
form for r ,1.0 mm andt,1.0 ns, so that the incident bea

FIG. 4. Laser reflectivity from anf /4.3 beam due to SRS vs the electro
temperature of an 11% critical density target, measured by x-ray spec
copy atr 5400mm.

FIG. 5. Laser reflectivity from anf /4.3 beam due to SRS vs the electron-io
collision rate from experiments in 11% critical density targets with vary
ion species concentration (^Z2&/^Z&), and with varying electron temperatur
shown in Fig. 3.
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is not substantially absorbed before it reaches the regio
best focus and the intensity near best focus is not sign
cantly dependent on the plasma electron temperature.
absorption length of the scattered light is smaller (L527

.580mm at ne51021cm23, Te>1.5 keV, CH plasma! due
to its longer wavelength. The effect of absorption on t
reflectivity is calculated and discussed in the following. T
timing and pulse shapes are the same as in the intensity
ing experiment. The target is filled with C5H12 gas with a 1%
Ar impurity to produce an 11% critical density plasma
which ion wave damping is strong, which earlie
experiments4,5 indicated would suppress SBS and other s
ondary decay processes and allow SRS to grow to large
ues. The temperature of the target plasma is varied by v
ing the energy in the heater beams. The temperature in
plasma, predicted by simulations, is confirmed by x-r
spectroscopic measurements at a radius of 400mm in a re-
gion adjacent to the interaction region.30,32Heater energies in
the range of 9.5–22 kJ produce plasmas with electron t
peratures in the range of 1.5–3.0 keV. These values of t
perature and those used in the figures represent the pla
inside the interaction beam that is heated by both the in
action beam as well as the heater beams. To include
effect of the interaction beam on the temperature, the te
perature measured in the region heated only by the heate
upwardly corrected by a factor determined fromLASNEX32

simulations. TheLASNEX simulations determine the correc
tion factor by calculating the temperature under the con
tions of each experiment and repeating the calculation w
the interaction beam off. The ratio of the temperature at
center of the interaction beam to that when the beam is
sent is calculated for each case and the temperature mea
in the experiment is multiplied by this factor to determine t
temperature in the region of the interaction beam. This c
rection is largest at the lowest heater powers where it is
than 30%. The light scattered by SRS is measured in a se
of shots with varying electron temperature and plotted ver
the corrected temperature in Fig. 4.

The SRS measurements shown in Fig. 4 indicate t
the percent reflectivity of the beam varies weakly w
plasma electron temperature over the range of 1.5–3.0
in spite of the fact that the Landau damping rate in a Ma
wellian plasma varies by more than an order of magnitu
over this range. However, such a weak dependence on w
amplitudes on the linear wave damping rate may be con
tent with nonlinear saturation mechanisms discussed in
following.

V. EFFECT OF ELECTRON-ION COLLISIONS ON SRS

Because the variation of the SRS with temperature is
weak it cannot be solely attributed to a temperature dep
dence of the collisionless damping of the scattering plas
wave. Thus, the temperature dependence due to other
perature dependent processes is considered. As menti
earlier, the collisional absorption of the out going Ram
light by inverse bremsstrahlung absorption may make
observed scattering dependent on electron ion collisio
This dependence on electron-ion collisions is tested exp

s-
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mentally, by varying the ion charge of the target, which w
vary this rate and may also affect the plasma weakly in ot
ways~such as heat transport, or variation in the ion acou
wave properties, or the trapping of electrons in the plas
wave!. From the measured dependence of SRS onZ and the
expected dependence of the out going light on inve
bremsstrahlung absorption, the relative importance of th
other processes on SRS can be inferred. A series of fur
experiments were performed to determine the importanc
electron-ion collisions and otherZ dependent processes
the observed temperature scaling, by varying theZ of the
material, while keeping the electron temperature const
This was done by varying the average ionZ(5^Z2&/^Z&) by
adding up to 13% Xe~by molecular number! to the C5H12

gas. The heater and interaction beams were as describe
the temperature dependence experiments above, with
heater beams at maximum power. Measurements of the
bag temperatures were obtained by x-ray spectrosc
analysis of the Ar emission~with 1% Ar impurity29! spectra
and showed that the peak~in time! of the temperature wa
between 3.3 and 2.9~60.6! keV for gas bags with no Xe an
13% Xe ~respectively!, which is consistent with the predic
tions of LASNEX simulations. At the same time the simul
tions indicate that the Xe was stripped to a charge stat
Z;40 so that the electron density varied by less than 0.
over the same range of dopant concentrations. The slig
lower temperature upon adding Xe is ascribed to greater
diative cooling;Z2. Thus these targets provide nearly ind
pendent adjustment of̂Z2&/^Z& and electron temperature
This allows the effect of a change in electron-ion collisio
and otherZ dependent processes to be separated from
effect of a temperature change, which will affect SRS b
through a change in the electron ion-collision rate, a
through collisionless damping, and can clarify the relat
roles of the collisional absorption of the out going light a
variation of the Langmuir wave Landau damping rate on
scattered SRS measurements.

Data on SRS scattering are taken from targets do
with 13% Xe and from beam intensities equivalent to tho
in the temperature scaling experiment (I 5431015W/cm2)
and at a lower intensity (I 5231015W/cm2). It is observed
that the variation of the measured SRS scattering w
^Z2&/^Z& is also quite weak, and is not significantly differe
from variation of SRS with electron temperature, when b
are considered to affect only the electron ion collision ra
This is seen in Fig. 5 from the fact that the data from the t
different experiments do not have significantly different v
ues when compared at the same value of electron ion c
sion frequency, and the same laser beam intensity~i.e., the
data in Fig. 5 correlate with a particular collision rate rega
less of whether the atomic number is being varied or
electron temperature is being varied to obtain that collis
rate!. The curves in Fig. 5 represent an estimate of effect
the SRS of the inverse bremsstrahlung absorption of the s
tered light for two idealized models of a spatially unifor
scattering wave, one in which the mean square amplitud
the scattering wave is independent of the collision rate~la-
beled ‘‘constant, uniformdn/n’’ !, and one in which it is
linearly proportional to collision frequency~labeled ‘‘uni-
Downloaded 21 Nov 2003 to 128.32.113.135. Redistribution subject to A
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form (dn/n)2;ne,I ’’ !. The estimates assume that the out g
ing light is reabsorbed by inverse bremstrahlung in a hom
geneous plasma, and that the total scattered power is the
of the scattered power from each region which has been
tenuated exponentially along the path to the plasma e
~i.e., incoherent scattering with phase dependence avera!.
So when the plasma and wave amplitude are uniform and
plasma is much thicker than the inverse bremsstrahlung
sorption ratek,

Pscat}E
0

L

Pinc.~x!]n2~x!exp~2k~L2x!!dx'
Pinc.]n2

k
,

~1!

which gives the solid line in Fig. 5. In the case where t
wave amplitude]n2 is portional to the electron ion collision
rate the scattered power will not depend on the collision r
because it cancels with the dependence ofk in the denomi-
nator. The fact that the dependence of the data on collis
rate is within the range of the first of these two estima
~when a single amplitude scale factor is adjusted to fit
data! suggests that much of the dependence of SRS on t
perature observed in Fig. 4 is due to the variation of
inverse bremsstrahlung absorption rate of the out going l
with the electron temperature, and that all other tempera
dependent processes have a still smaller effect on the
temperature dependence. The intensity scaling in Xe do
targets is also observed to show the SRS reflectivity is cl
to linear with intensity as in the above-mentioned pure C
targets.

VI. MODELING

SRS is a three wave resonant instability in which t
incident large amplitude coherent laser light wave dec
into a backward propagating light wave and a Langm
wave. The waves must maintain temporal and spatial ph
coherence, which imposes the well-known frequency a
wavenumber matching conditions,v05v r1vp and k05kr

1kp . Here, the subscripts 0,r ,p refer to the incident light,
the reflected Raman light, and the Langmuir wave, resp
tively. We restrict our attention to convective amplificatio
because the threshold is lower than that for absolute insta
ity and the convective gain in these experiments is suffici
to reflect a large fraction of the light absent nonlinear p
cesses. The convective temporal threshold,g0,SRS

2,th 5n rnp is
easily satisfied whereg0 is the SRS convective growth rat
andn r andnp are the damping rates of the Raman reflec
light and the Langmuir wave, respectively. More important
the convective gain exponent,

G~v r !5
1

4

kp
2v0

2

vgrv r
E

path
dz ImS xe~11x i !

e~kr2k0 ,v r2v0! D
22E

path
dz

n r

vgr
, ~2!

wheree511xe1x i is the dielectric function for the plasm
wave of frequencyv r2v0 and wavenumberk02kr . The
gain peaks at those frequencies for which the dielectric fu
tion is nearly zero, i.e., when the light scatters from a natu
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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mode of oscillation of the plasma, such as an ion acousti
Langmuir wave. For ponderomotively driven SBS, the inte
sity gain exponent is

GSBS5
1

8

v0
2

ve
2

ne

nc

va

na

v0

vgb
LSBS22

nabs
b

vgb
L

52S g0,SBS
2

na
2nabs

b D LSBS

vgb
22nabs

b Lnr ~3!

and for SRS, it is

GSRS5
1

8

kp
2v0

2

v0v r

vp

np

v0

vgr
LSRS22

n r

vgr
L

52S g0,SRS
2

np
2n r D LSRS

vgr
22n rLnr , ~4!

where the fluid limit of the plasma dispersion function h
been used. Here,v0 is the oscillatory velocity of an electro
in the laser electric field, andLSBS or LSRS is the smaller of
the plasma length or, in an inhomogeneous plasma,
length over which the three-wave resonance for SBS or S
is maintained. Here,va and na are the local acoustic fre
quency of the least damped mode and acoustic wave da
ing rate, respectively. In the pF3d modeling discussed in
following, there is a 0.5 mm scale length density gradi
region in which little SRS growth occurs because th
LSRS5ne /vpeLn;50mm for the SRS interaction. The effec
tive absorption lengthLnr is much longer and, as discusse
previously, the scattered SRS light can be absorbed by
verse bremstrahlung as it propagates from the resonan
gion to the detector. The group velocities of the laser lig
and the Brillouin and Raman scattered light arevg0 , vgb ,
vgr , respectively, andvg0,r5c2k0,r /v0,r , vgb5Cs , andvgl

53klve
2/v l in the fluid limit. The important parameters a

the laser intensity, the electron temperature, the electron
sity, the relevant damping rate, and the lengthLSRS or LSBS

over which the matching conditions are maintained.
kplDe, ,0.2, the Landau damping is very small but col
sional damping remains. In National Ignition Facility~NIF!
relevant 3 to 6 keV plasmas, this collisional damping rate
very weak; if it were the only damping mechanism SR
would be absolutely unstable. In the second form of the S
and SRS gain, one sees that the gain is zero in the reso
region at the convective temporal threshold.

For the parameters of the intensity scaling experime
C5H12, it is instructive to evaluate typical rates. The conve
tive threshold intensity is 2.631013W/cm2, the energy spa-
tial absorption rate is 0.26/mm for the incident light a
0.73/mm for the SRS light at the wavelength for optimu
gain (lSRS5564 nm) in a 0.1nc , 2.5 keV plasma. Thus, in 1
mm, half the SRS light and one-quarter of the incident lig
would be absorbed for these parameters. The convective
intensity gain exponent~without the absorption correction! is
56 for L51 mm at a laser intensity of 231015W/cm2. Even
at 331014W/cm2, the SRS light damping rate makes a sm
correction to the gain exponent. The SRS gain exponent i
for a 0.1nc , 3 keV, 1 mm long plasma and 18 for a 0.07nc ,
2.5 keV, 1 mm long plasma. Because a gain exponent o
Downloaded 21 Nov 2003 to 128.32.113.135. Redistribution subject to A
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is sufficient for pump depletion for a plane wave pump la
and nonuniform RPP beams can scatter more for the s
spot-averaged intensity, these experiments in nearly 2
long plasmas are testing the nonlinear scaling of SRS, no
behavior near threshold.

The threshold Langmuir wave charge densitydnth
LDI for

driving the LDI is given by

Udnth
LDI

ne
U2

516~klDe!
2

ne

v1

na

va
,

wherene is the background density,ne5ne
c1ne

L is the sum
of the collisional damping rate,ne

c51/2neivpe
2 /v1

2, and the
Landau damping ratene

L of the Langmuir wave of frequency
v1 . The threshold depends on the damping rate of the ac
tic wave and thus, if the damping rate of the acoustic wa
were increased while other plasma parameters are kept
stant, the Langmuir wave can be driven to larger amplitu
and more SRS would be expected for the same linear g
exponent.

The observedscaling with intensity is consistent with
theories which describe the saturation of the Langmuir w
by secondary decays7–9 and predict a linear dependence
reflectivity on laser intensity, ion wave damping rate, t
electron temperature, and the plasma lengthRSRS

;I LTenaLb/va . The length dependence is determined
the axial coherence of the interaction withb53 for complete
coherence andb51 for incoherence. Note the lack of depe
dence of the saturated reflectivity on the linear elect
damping rate is consistent with the similar reflectivity for 7
and 10% critical plasma shown in Figs. 3~a! and 3~b! and the
lack of temperature dependence shown in Fig. 4.

Under the conditions studied here, the high laser be
intensities, long scale lengths, and high plasma tempera
SRS are expected to produce large amplitude Langm
waves that may be affected by a variety of non-linear p
cesses. These processes include filamentation of the inc
laser beam, that will substantially modify its intensity profil
and a variety of fluid and kinetic non-linearities of the Lan
muir waves, including secondary decays and particle tr
ping. To assess more quantitatively the importance of n
linear effects, the experimental conditions are simula
using PF3D2324. The plasma is simulated in two dimension
with a uniform density region of 1 mm wherene50.1nc and
most of the SRS gain occurs. In addition, the plasma exp
sion region outside the density plateau is simulated wit
density that starts from 0.035 nc and rises to 0.16 nc ov
length of 0.52 mm. Thus, the effects of the plasma induc
incoherence33 and the reabsorption of the SRS light are i
cluded. The flow velocity in the plateau is initially zero; i
the expansion region it flows outward toward the laser wit
linear gradient. The flow at the peak density of the bl
wave is inward and sonic,Te52.5 keV andTi5600 eV in
the plateau region. The laser beam, the Raman scatt
light, and the Langmuir wave are all propagated through
plasma with the time and spatial variation of all waves a
counted for. The incident laser field has an intensity distrib
tion appropriate for the random phase plates and l
f-number used in the experiment. The SRS scattered l
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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grows both from thermal Langmuir fluctuations and brem
strahlung. The frequency shifts of the normal mode frequ
cies due to localized heating or density variations produ
by ponderomotive forces of all the waves are accounted
Shown in Fig. 6, the simulated SRS reproduces the onse
SRS at an intensity of a few31014W/cm2, and grows up to
10% or greater at high intensity when the damping rates
the linear ones calculated for the plasma parameters ap
priate at 1 ns. It is also observed that the simulated reflec
ity is two or three times higher than the late-time measu
ones and more than five times higher than the early t
measured ones in the high intensity cases. Let us assume
non-linear processes are operating to limit the Langm
wave amplitude and the scattering. Decay of the Langm
wave through LDI7–9 is one possible mechanism, and w
have investigated its possible importance by introducing i
the simulations an empirical amplitude dependent damp
factor that makes the Langmuir wave damping incre
sharply when its amplitude exceeds the threshold for L
Inclusion of the LDI enhanced damping rate does not red
the scattered light unless the threshold for non-linear da
ing is reduced to;3% of the LDI threshold. The reason
that, in the region of maximum SRS gain, the amplitude
the Langmuir wave has a rms value ten times smaller t
the LDI threshold value,dnth

LDI/ne;0.1. Figure 6 shows tha
lowering the threshold 300 times reduces the simulated S
below the measured SRS. Hence, the remaining discre
cies between the simulation and the measurements cann
explained by LDI unless the threshold is much lower than
would be in a Maxwellian plasma. The observations of we
intensity dependence may also be consistent with satura
of the Langmuir wave by particle trapping and subsequ
detuning of the wave.20 The latter theories have the adva
tage that they also describe the reduction of the Langm
wave damping rate34 at the onset of SRS which may be co
sistent with our observations of significant SRS at intensi

FIG. 6. Two-dimensional fluid simulations~PF3D! are used to determine th
laser beam intensity profile in the presence of filamentation for the co
tions of the f /8 beam and 0.1 critical density plasma experiments sho
in Fig. 2~a!. SRS reflectivity calculated from these laser and plasma pro
is plotted vs laser intensity and shown to scale rapidly up with inten
at values comparable to those where the onset of SRS is observed. C
lations where the wave amplitude is limited are also shown as discu
in text.
Downloaded 21 Nov 2003 to 128.32.113.135. Redistribution subject to A
-
-
d
r.
of

re
ro-
v-
d
e
hat
ir
ir

o
g
e
I.
e

p-

f
n

S
n-
be

it
k
on
t

ir

s

as low as 331014W/cm2. However it may be more difficult
to explain previous observations that SRS depends on
acoustic wave damping with particle trapping theories t
do not inherently involve ion-wave dynamics. Some simu
tions show23 and some data suggest that SBS can reduce
amount of SRS. At low intensity the SBS reflectivity in the
experiments is larger than the SRS and comparable to
SRS at the higher intensities for both early and late tim
The SRS reflectivity increases with intensity for both ea
and late times with about the same onset intensity and s
lar values. On the other hand, the early time SBS is indep
dent of intensity which also suggests a nonlinear saturat
The late-time SBS increases with intensity with an on
intensity similar to the SRS one and reflectivities similar
the SRS ones. This behavior does not appear to suppo
model where SBS suppresses SRS. Moreover, the SBS
themselves need a nonlinear saturation model. Thus,
though an influence of SBS on SRS or vice versa canno
ruled out, we have no viable model to offer in this case.

The variation with the electron-ion collision frequenc
can be understood in terms of the reabsorption of the S
light in the plasma expansion region where SRS is inhibi
by the density gradient detuning discussed earlier. For
ample, in the expansion region used in the pF3d simulati
35% of the SRS light is absorbed for no Xe whereas 70%
absorbed for 13% Xe because, as shown in Fig. 5, the
sorption rate increases threefold.

VII. CONCLUSIONS

These experiments have shown that the scaling of S
reflectivity with incident beam intensity in large scale, h
plasmas shows only an approximately linear depende
with f /8 beams, and the scaling with electron temperatur
also weak in experiments withf /4.3 beams, with a tempera
ture dependence of the reflectivity that could be entirely
scribed by the temperature dependence of the inverse b
strahlung absorption of the backreflected light. The intens
scaling results occur in the presence of SBS reflectivity t
is less than 3% and weakly varying. These results may
consistent with Langmuir waves that are saturated by n
linear mechanisms. Further experiments in Xe doped p
mas allowed the electron-ion collision rate to be varied wh
the electron temperature was held constant, and showed
variation of the electron-ion collision rate can account
most of the observed dependence of SRS on electron
perature suggesting little temperature dependence of SR
collisionless processes such as Landau damping.
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